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Abstract

Introduction of a methylene group in the carbon chain of carboxymethyl phosphonic acid
(CMPA) results in 2-carboxyethyl phosphonic acid (2-CEPA). The inhibition efficiency (IE) of
these two phosphonic acids, in the absence and presence of Zn”>*, in controlling corrosion of
carbon steel immersed in a neutral aqueous environment, containing 60 ppm Cl~, has been
evaluated by weight loss method. The IEs are measured as a function of immersion period,
and compared. The protective film has been analysed by X-ray diffraction, Fourier transform
infrared and luminescence spectra. A suitable mechanism of corrosion inhibition is proposed
based on the results of weight loss study and various surface analysis techniques. The
2-CEPA-Zn?** is found to offer better IE than the CMPA-Zn>* system. This is due to the
facts: (i) 2-CEPA keeps Zn?* in a more solubilised form, (ii) larger size of Fe’*—2-CEPA
complex, which is more relaxed, strainless and more stable than Fe>*~CMPA complex. The
protective film is found to consist of Fe>*—phosphonate complex and Zn(OH),; it is found to
be luminescent. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Several inhibitors such as chromates, molybdates, pertechnetates, nitrites, phos-
phates, silicates, carboxylates, tannins and phosphonates have been used in aqueous
environments [1,2]. Among these inhibitors phosphonates have been widely used
due to their ability to form metal complexes, scale inhibiting property, hydrolytic
stability and non-toxic nature [3—14]. There is relationship between the size of the
inhibitor and its inhibition efficiency (IE) [8,15]. The present work is undertaken (i)
to study the influence of introducing a —CH,— group in the carbon chain of car-
boxymethyl phosphonic acid (CMPA), (ii) to analyse the protective film by X-ray
diffraction (XRD), Fourier transform infrared (FTIR) and luminescence spectra,
and (iii) to propose a suitable mechanism of corrosion inhibition based on the results
obtained from weight loss study and various surface analysis techniques.

2. Experimental
2.1. Preparation of the specimens

The composition of the carbon steel used in this study is given below.

S (%) P (%) Mn (%) C (%) Fe (%)
0.02-0.03 0.03-0.08 0.4-0.5 0.1-0.2 Remainder

Carbon steel specimens of the dimensions 1 x 4 x 0.2 ¢cm® polished to mirror
finish and degreased with trichloroethylene, were used for the weight-loss and sur-
face examination studies.

2.2. Weight-loss method

Carbon steel specimens, in triplicate, were immersed in 100 cm® of solution
containing various concentrations of inhibitor in the absence and presence of Zn’*,
for a known period (one or three days). The weights of the specimens before and
after immersion were determined using a Mettler balance, AE-240. The corrosion
products were cleaned with Clarke’s solution [16]. The percent IE was calculated
using the relation, IE = [(W], — W) /W] x 100, where W, and W, are weight losses of
carbon steel in uninhibited and inhibited chloride solutions.

2.3. Surface examination study

The carbon steel specimens were immersed in various test solutions for a period of
two days. After two days, the specimens were taken out, rinsed with water thor-
oughly and dried. The nature of the film formed on the surface of the metal speci-
mens was analysed by various surface analysis techniques.
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2.4. Fourier transform infrared spectra

FTIR spectra (KBr) were recorded using a Perkin—Elmer 1600 FTIR spectro-
photometer.

2.5. X-ray diffraction

XRD patterns of the film formed on the metal surface were recorded using a
computer-controlled X-ray powder diffractometer, JEOL JDX 8030 with CuK,, (Ni-
filtered) radiation (1 = 1.5418 A) at a rating of 40 kV, 20 mA.

2.6. Luminescence spectra

Luminescence spectra of the film formed on the metal surface were recorded using
an Hitachi 650-10 S fluorescence spectrophotometer equipped with a 150 W xenon
lamp and an Hamamatsu R 928 F photomultiplier tube. The emission spectra were
corrected for the spectral response of the photomultiplier tube used.

3. Results and discussion
3.1. Analysis of the results of the weight-loss method

The results of the weight-loss method are given in Table 1. The IEs of the
phosphonic acids, namely, 2-CEPA, HOOC - CH, - CH, - P(O)(OH),, and CMPA,
HOOC - CH, - P(O)(OH),, in the presence of Zn>**, in controlling corrosion of car-
bon steel, immersed in the aqueous environment containing 60 ppm CI~ are given in
this table. Their IEs as a function of immersion period are also given in this table.

3.2. 2-CEPA-Zn** system

It is found from Table 1 that for a given concentration of Zn>* (40 ppm),
when the immersion period is one day, the IE increases from 90% to 99%, as the

Table 1
Inhibition efficiencies (%) of phosphonic acid (PA)-Zn>* systems offered to carbon steel in aqueous en-
vironment (CI” = 60 ppm; Zn*" = 40 ppm)

Concentration Immersion period
of PA (ppm) CMPA 2-CEPA

1 day 3 day 1 day 3 day
25 83 68 90 =25
50 78 65 99 92
100 60 55 98 90
150 28 20 97 85

200 -13 —-2.3 96 83
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concentration of 2-CEPA is increased from 25 ppm to 50 ppm. However, further
increase in the concentration of the phosphonic acid (PA) slightly lowers the IE.
When the immersion period is three days, the formulation consisting of 40 ppm Zn>*
and 25 ppm 2-CEPA accelerates corrosion. A brown deposit is found on the metal
surface. The acceleration in corrosion rate is due to the fact that PA is precipitated
in the bulk of the solution as Zn?**-2-CEPA complex. Addition of 50 ppm 2-CEPA
to 40 ppm Zn** tremendously improves the IE from —25% to 92%. Further addi-
tion of PA slightly lowers the IE. In the absence of Zn**, 2-CEPA accelerates cor-
rosion.

3.3. CMPA-Zn** system

When the immersion period is one day, the formulation consisting of 40 ppm
Zn”>* and 25 ppm CMPA shows 83% IE. Further addition of PA lowers the IE.
Similar observation is made, when the immersion period is three days. The formu-
lation consisting of 40 ppm Zn>** and 25 ppm CMPA has 68% IE. Further addition
of CMPA to 40 ppm Zn>*, lowers the IE. In the absence of Zn*", CMPA accelerates
corrosion.

In, general, in the case of both the PAs, the IE decreases as the concentration of
PA increases, for a given concentration of Zn>*. This is due to the precipitation of
Zn>*—PA complex in the bulk of the solution. Similar observation has been made
with amino (trimethylene phosphonic acid) [14].

It is found that, in the case of both the PAs, i.e., 2-CEPA and CMPA, the 1IE
decreases as the period of immersion increases. This is due to the fact that as the
period of immersion increases, the protective film formed on the metal surface gets
raptured by the aggressive chloride ion present in the environment.

3.4. Analysis of the FTIR spectra

The FTIR spectra (KBr) of the surface of carbon steel immersed in various
solutions are given in Fig. 1. The FTIR spectrum of the film formed on the surface of
the metal immersed in the solution containing 60 ppm CI~, 40 ppm Zn>* and 25 ppm
CMPA is given in Fig. 1(a). The P-O stretching frequency appears at 1059.9 cm~!.
The C=O stretching frequency of the carboxyl group appears at 1569.6 cm~'. The
band due to Zn(OH), appears at 1378.7 cm™' [13,17-19]. These results suggest that
CMPA is present in the film, probably as Fe?*~CMPA complex. The coordination of
CMPA to Fe?* has taken place through O atom of phosphonic group and O atom of
carboxyl group. The protective film consists of Fe?*~CMPA complex, formed on the
anodic sites of the metal surface, and Zn(OH), formed on the cathodic sites of the
metal surface.

The FTIR spectrum of the film formed on the surface of the metal immersed in
the solution consisting of 60 ppm CI~, 40 ppm Zn>* and 100 ppm CMPA is given in
Fig. 1(b). The band due to P-O stretching appears at 1055.5 cm~!. The absorption
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Fig. 1. FTIR spectra of film (KBr) formed on surface of carbon steel immersed in various environments:
(a) CI~ 60 ppm + Zn>* 40 ppm + CMPA 25 ppm, (b) CI~ 60 ppm + Zn>** 40 ppm + CMPA 100 ppm, (c)
CI~ 60 ppm + Zn>* 40 ppm + 2-CEPA 25 ppm, (d) CI~ 60 ppm + Zn>* 40 ppm + 2-CEPA 100 ppm.

due to C=0 stretching of carboxyl group takes place at 1569.8 cm~'. The band at
1386.4 cm™! is due to Zn(OH),. It is evident from these results that the protective
film consists of Fe?*~CMPA complex and Zn(OH),.

The FTIR spectrum of the film formed on the surface of the metal immersed in
the solution consisting of 60 ppm CI~, 40 ppm Zn** and 25 ppm 2-CEPA is given in
Fig. 1(c). The absorption due to P-O stretching of the PA occurs at 1106.2 cm™'. The
band at 1569.7 cm~! is due to C=O stretching of the carboxyl group. These results
suggest the presence of Fe**-2-CEPA complex on the metal surface. It is interesting
to note that the absorption band due to Zn(OH), is absent around 1350 cm™'.
Thus the protective film consists of Fe>*—2-CEPA complex formed on the anodic
sites of the metal surface. Zn(OH), is not formed on the cathodic sites of the metal
surface.

The FTIR spectrum of the film formed on the surface of the metal immersed in
the solution consisting of 60 ppm C1~, 40 ppm Zn>* and 100 ppm 2-CEPA is given in
Fig. 1(d). The absorption due to P-O stretching takes place at 1074 cm~!. The C=0
stretching frequency of the carboxyl group occurs at 1557.8 cm~!. The band at 1325
cm~! is due to Zn(OH),. This study reveals that the protective film consists of Fe?*—
2-CEPA complex and Zn(OH),.
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3.5. Analysis of the X-ray diffraction patterns

The XRD patterns of the polished metal not immersed in any solution is shown in
Fig. 2(a). The peaks due to iron appear at 20 = 44.8°, 65.1°, 88.4° and 99°. The XRD
pattern of the film formed on the surface of the metal immersed in the solution

Intensity , cps (au)

17 37 57
206, degree

Fig. 2. XRD patterns of surface of carbon steel immersed in various environments: (O) Fe; (@) phos-
phonic acid; (A) a-FeOOH; (A) y-FeOOH; (M) Fe;0,. (a) polished metal not immersed in any solution;
(b) CI~ 60 ppm + Zn>** 40 ppm + CMPA 25 ppm; (c) CI~ 60 ppm + Zn?** 40 ppm + CMPA 100 ppm; (d)

Cl~ 60 ppm + Zn>** 40 ppm + 2-CEPA 25 ppm; (¢) CI- 60 ppm + Zn>** 40 ppm + 2-CEPA 100 ppm.
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consisting of 60 ppm Cl~, 40 ppm Zn?* and 25 ppm CMPA is given in Fig. 2(b). The
film is found to consist of a very thin brown film and a thin interference film. The
peak at 20 = 40.10° suggests the presence of a-FeOOH. The peak at 20 = 46° in-
dicates the presence of y-FeOOH. The peaks due to iron appear at 20 = 44.5° and
64.7° [8,20]. The peak around 17° is probably due to PA.

When the metal is immersed in the solution consisting of 60 ppm CI-, 40 ppm
Zn”>* and 100 ppm CMPA, a thin brown film and a thin interference film are ob-
served on the metal surface. The XRD pattern of this film is given in Fig. 2(c). The
peak due to y-FeOOH appears at 20 = 39.3°. The iron peaks appear at 20 = 44.4°
and 65.1°. The peaks at 20 = 15°, 15.9° and 17.2° are probably due to PA.

When carbon steel is immersed in the solution consisting of 60 ppm Cl-, 40 ppm
Zn** and 25 ppm 2-CEPA, a brown film is formed on the metal surface Fig. 2 (d).
This film consists of phosphonic acid (260 = 16.8°), a-FeOOH (20 = 33.9°, 39.1° and
41°), Fe;04 (20 = 35.1°, 43.4° and 57.4°) and y-FeOOH (20 = 60.6°). Interference
film is not observed on the metal surface.

When carbon steel is immersed in the solution consisting of 60 ppm Cl-, 40 ppm
Zn*" and 100 ppm 2-CEPA a thin interference film is observed on the metal surface.
No brown film is observed. The iron peaks appear at 20 = 44.4° and 64.7°. The peak
at 14.1° and peaks around 17° are due to PA (Fig. 2(e)).

3.6. Analysis of the luminescence spectra

The luminescence spectra of the film formed on the surface of the metal specimens
immersed in various test solutions are given in Fig. 3. The luminescence spectrum of
the film (4ex = 300 nm) formed on the surface of the metal specimen immersed in the
solution consisting of 60 ppm Cl~, 40 ppm Zn>* and 25 ppm CMPA is shown in Fig.
3(a). This spectrum is due to Fe?*-CMPA complex entrailed in iron oxide and
Zn(OH), on the metal surface. The luminescence spectrum of the film (1 = 300
nm) formed on the surface of the metal specimen immersed in the solution consisting
of 60 ppm CI-, 40 ppm Zn** and 100 ppm CMPA is shown in Fig. 3(b). This
spectrum is due to Fe?*~-CMPA complex, embedded in iron oxide and Zn(OH), on
the metal surface. It is interesting to observe that the peak intensities are higher in the
former case than in the latter case. This suggests that more Fe> ~CMPA complex is
present on the metal surface, in the first case than in the second case. This is in
agreement with the results of the weight loss method which reveal that in the former
case the inhibition is higher (68%) than in the latter case (55%).

The luminescence spectrum of the film formed on the surface of the metal im-
mersed in the solution consisting of 60 ppm CI~, 40 ppm Zn>* and 25 ppm 2-CEPA
is given in Fig. 3(c). This spectrum is due to Fe**—2-CEPA complex in the presence
oxides of iron. The luminescence spectrum of the film formed on the surface of the
metal specimen, immersed in the solution consisting of 60 ppm CI-, 40 ppm Zn**
and 100 ppm 2-CEPA is given in Fig. 3(d). This spectrum is due to Fe**-2-CEPA
complex in the presence of Zn(OH),. It is interesting to note that the peak intensities
are higher in the latter case than in the former case. This is in agreement with the
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Fig. 3. Luminescence spectra of carbon steel surface, immersed in various environments: (a) Cl~ 60

ppm + Zn** 40 ppm +CMPA 25 ppm; (b) ClI~ 60 ppm + Zn** 40 ppm + CMPA 100 ppm; (c) CI- 60
ppm + Zn** 40 ppm + 2-CEPA 25 ppm; (d) CI~ 60 ppm + Zn>** 40 ppm + 2-CEPA 100 ppm.

results of the weight loss method which reveal that the former system is corrosive
(IE = —25%) and the latter system has good IE (90%).
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3.7. Mechanism of corrosion inhibition

The following mechanism of corrosion inhibition is proposed for PA-Zn>" sys-
tem.

1. When the solution consisting of 60 ppm Cl-, phosphonic acid (PA) and Zn** is
prepared, there is a formation of Zn?>*—PA complex in solution.

2. When metal specimen is immersed in this solution, the Zn>*—PA complex diffuses
towards the metal surface, from the bulk.

3. On the metal surface, Zn?>*-PA complex is converted into Fe>*~PA complex on
the anodic sites of the metal. Zn?* is released.

Zn*"—PA + Fe’" — Fe*'—PA + Zn*"
4. The released Zn>* combines with OH~ and forms Zn(OH), on the cathodic sites.

Zn** +20H" — Zn(OH), |
5. Thus the protective film consists of Fe>*—PA complex and Zn(OH),.

The bond formed between Zn?* and PA in Zn?>*-PA complex must be strong
enough to carry the Zn?>*—PA complex from the bulk of the solution to the metal
surface and weak enough to break in the presence of Fe’* and forms Fe’*—PA
complex on the anodic sites metal surface.

In the present study, in general, 2-CEPA-Zn>*" system shows better IE than the
CMPA-Zn?* system. The main difference between 2-CEPA and CMPA is that the
former contains one extra —CH,— group. Both the phosphonic acids have one
—COOH group and one —P(O)(OH),— group. It seems that 2-CEPA keeps the Zn>"—
PA complex in more solubilised form than the CMPA. The transport of Zn** from
the bulk of the solution towards the metal surface is more facilitated in the presence
of 2-CEPA than in the presence of CMPA. This favours the formation of Zn(OH),
on the cathodic sites of the metal surface and thus retarding the cathodic reaction of
generation of OH™. The Fe?’*-2-CEPA complex formed on the anodic sites of the
metal surface occupies a larger space than the Fe>*~CMPA complex. These two
factors explain the better IE of the 2-CEPA-Zn>* system. All these factors come into
effect due to the introduction of one —-CH,— group into the carbon chain of CMPA.

Because of the presence of an additional -CH,~ group in 2-CEPA, the Fe*'—
2-CEPA complex is more relaxed and strainless and more stable than Fe**~-CMPA
complex.

4. Conclusions

(1) The 2-CEPA-Zn** system has better IE than the CMPA-Zn?** system in
controlling corrosion of carbon steel in neutral aqueous environment containing 60
ppm CI—.

(2) This is due to the following facts (i) 2-CEPA keeps Zn”>* in a more solubilised
form which enables the retardation of the cathodic reaction by formation of
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Zn(OH),; (ii) the larger size of Fe**—2-CEPA complex formed on anodic sites. (iii)
The Fe**—2-CEPA complex is more relaxed and strainless and more stable than
Fe’*~CMPA complex.
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